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Abstract 
In recent years, the accelerated rate of urban growth in hot climate cities highlights the critical necessity of creating more outdoor 
spaces for different activities of citizens from leisure or recreation. Thermal sensation of users have not been fully explored in 
outdoor environments of hot and humid climate specially in early stages of design which affects thermal comfort in negative 
ways. This fact elucidates the need for considering human thermal comfort in outdoor spaces design with such climates. 
Recently, Egyptian climatic quality of space has received attention among climatologist and urban designers. In most cases, the 
climatic sensitive landscape design is absent on planning and site design levels.  
 
This paper discusses the climatic sensitive landscape design in public schools courtyards using ENVI-met simulation tool. A case 
study: EL-Sherouk school is selected and numerically simulated in elevated temperature during school time. The simulation 
results revealed high thermal discomfort after setting boundary conditions for the climate and the possible vegetation patterns.  
 
Finally, the paper concludes that specific patterns and types of trees among other landscape elements strongly ameliorate the 
microclimate within such schools courtyard size. They significantly attenuate the direct radiation modify the wind speed and 
direction; and fairly reduce temperature and change humidity. Design implications were proposed for a better microclimate in 
school courtyards.  
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Figure 1: Horizontal climatic urban scales and its climatic interactions 
within the urban boundary layer, adapted from Oke 1987 
1. Introduction  
The climatic quality of the space, recently, has received attention among climatologist and urban designers 
worldwide, especially after the global climatic change and Urban Heat Island (UHI) occurrence phenomena,(Jentsch 
et al. 2008; Abdel-aleem 2012). The absence of an efficient landscape pattern, on the planning levels and the rapid 
urbanization, originally are the contributing factors for creating thermally uncomfortable spaces,(Helmut & Ali-
Toudert 2005). This alerts urban planners and designers to urgently consider the landscape design, in particular, 
plantation, as an integral part in a comprehensive planning system. This integrates urban and natural environments 
altogether, respectively. The consequences of this integration, not only attain, not only attain thermally comfortable 
spaces, but also authentically pleasing space with an excessive noise and glare reduction for those who wish to use 
the outdoor space(Shashua-Bar et al. 2011; Georgi & Dimitriou 2010). 
1.1. Landscape Design in Egypt. 
In Egypt, nearly the climatic landscape dimension is absent on the planning and the site design level,(Fahmy, 
Mohamad; Sharples 2008).Over the last 50 years, most of the Egyptian cities lost its gardens, open spaces and 
public squares. Also, pedestrian pathways disappeared, and the historical gardens dramatically deteriorated such as 
the fish garden in Cairo and the Zoo in El-Giza. The absence of the landscape profession and conspicuous lack the 
awareness, in the importance of landscape as an infrastructure tool to enhance the climate, originally are the reason 
for this disappearance,(El-Masry 2014). Also, the common belief, among the community that the landscape is only a 
makeup tool for an aesthetic urban context, regardless its climatic functioning dimension. Thus, it is essential to 
revive the importance of the landscape elements among the society in particular students and children in schools, the 
coming future generation. And highlight the importance of creating thermally outdoor comfortable space among 
researchers, landscapers and planners. 
 
1.2. Microclimate and its Variables. 
Given the aim to promote welfare conditions, 
particularly in school’ courtyard, it is fundamental to 
understand the immense complexity of the 
microclimate and its mechanism that significantly 
influences human outdoor comfort. (Oke 1987), in his 
book, illustrated the horizontal urban climatic scale in 
accordance with the climatic interactions within the 
urban boundary layer. These scales respectively are 
microclimate scale, local climatic scale, mesoscale, 
shown in figure1. The microclimate scale falls beyond 
the Urban Canopy Layer (UCL) with height up to 
1000m i.e. climatic interactions occurs between street 
level and surfaces above expressed by Zh that include 
buildings, plantation, etc.  
 
Maintaining decent comfort level in the outdoor spaces is complex relative to indoor spaces in terms of temporal 
and spatial variability(Nikolopoulou et al. 2003). Human, in the outdoor spaces, is affected by the environmental 
factors, built environment such as building morphology, topology, vegetation, water, surface albedos. As well as his 
personal and behavioral factors such as clothing CLO and activity factor MET,(Erell et al. 2011; Shashua-Bar et al. 
2011).   
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1.3. Outdoor PMV-PPD model. 
Predicted Mean Vote (PMV) is one of the most recognized indices to evaluate the thermal sensation for space 
users. The index is based on thermoregulation and heat balance theories developed by Fanger in 1972(Bruse 2015). 
Originally, PMV is designed for indoor use, yet, PMV for outdoor conditions has been developed by Jendritzky and 
Nübler(Nübler & Jendritzky 1981) which is named Klima- Michael –Model. The model counts the outdoor long and 
short wave complex factors in terms of radiant temperature. The index combines the majority of microclimatic 
analysis factors i.e. it takes into account the effect of shading and radiation flux(Ali-Toudert et al. 2005).  
The index predicts thermal sensation of people through a point scale developed by ASHRAE, this scale 
represents the vote of a large space user group for their thermal sensation. It considers that the person is constantly 
exposed to the same climatic condition for a long time that may reach to 20 minutes, (Charles 2003; Bruse 1993). 
Typically, the scale ranges from (+4) hot to (-4) cold, where (0) is considered a neutral value that represents comfort 
level. Values can exceed (4) or be below (-4) depending upon the local climatic conditions,(Bruse 2015). 
2. Methodology 
The present study, firstly, analyses the thermal 
comfort level of the students in the school’s 
courtyard at elevated temperature. The school is 
located in El-Sherouk City (30°8' 17 "N 31°36’56"E, 
at attitude range 191 m), Cairo, Egypt that is 
characterized by hot dry climate. Secondly, the study 
explores different vegetation patterns, which would 
enhance the quality of the space, using numerical 
simulation software, ENVI-met. ENVI-met software 
understands plantations due to the detailed inputs of 
plants sub-model which include the type of the plant, 
conceptual canopy parameters, stomatal resistance 
and the roots area,(Bruse 2015). Moreover, the 
software combines all the climatic factors such as 
humidity, temperature, mean radiant temperature 
affecting the PMV thermal sensation 
index,(Lenzholzer 2010). The following figure 2, 
shows the methodology used to conduct this study 
that will further be illustrated in the following 
section. 
2.1. Case Study 
The school is located in the north-west of El-
Sherouk City, named C. Based on the field 
observations and interviews, the students reveal to 
high thermal dissatisfaction in the courtyard during 
break time 11:00 – 12:00. Shown in figure 3, almost 
no plantation patterns exists and the courtyard is 
exposed to direct sunlight the whole day with very 
limited shade at 13:00. 
Figure 2: The methodological structure of the study, Author. 
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2.2. Setting the boundary conditions  
2.2.1. Design Day & Time 
The metrological data recorded by ETMY 
WMO station 623660 at Cairo International 
Airport of average 10 years, (EERE 2015), is 
used and analyzed via weather data tool in Eco-
tect software. 14th May represents the extreme 
temperature record during the official school 
schedule, (MOE 2013). 11:00 is deliberately 
selected as the simulation time, it is considered 
the break time and the peak use of the courtyard. 
Figure 4, below represents the basic 
configuration file used for simulation.  
 
 A preliminary test was held to verify ENVI-
met outputs fall in the same range of the actual 
situation.4th May 2014 at 11:00 is simulated and 
compared with the mental climatic map of the 
students in the same day throughout group 
discussions and observations, where the 
temperature records 39◦C. The discussions’ 
result reveals the high thermal dissatisfaction of 
the students same as the simulation results, after 
locating receptor points in the courtyard. Most of 
the solar radiation falls in the courtyard is direct 
solar radiation that reveal to high PMV records, 
Shown in figure 5. 
Figure 3: a) The location of school C at el-Sherouk city, away from the city center by approximate 60 km, Bing maps modified by the author; b) 
The shading analysis of the courtyard during the school time (8:00 to 14:00). Based on the students’ activities, during break time, C is fully 
exposed to direct sunlight, Author via Sketch up shading analysis tool. 
a) 
b) 
Figure 4: Configuration File for ENVI-met software, Author 
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2.2.2. Receptor points 
Receptor points are located at areas that require shade, based on the 
students spatial use and the needs on the courtyard, see figure 6. 
2.2.3. Plantation. 
In an existing fabric, plantation would be one of the adequate 
possibility to enhance the quality of the space. Plantation refers to 
trees, shrubs, succulents, climbers and ground cover, the majority of 
these plantation provides aesthetic view and microclimatic 
modification. As a living organism, it is essential to set some 
boundary conditions for plantation, thus trees are considered fully 
matured with full foliage. Preliminary in ENVI-met simulations, 
Ficus Niteda, Delonix Regia were used representing evergreen and 
deciduous trees, whilst Dedonya Viscosa as an evergreen shrub. 
Afterwards, Citrus lemon, Acacia Fransiana, Casia Nedoza, 
Jakaranda, Acacia Salingna were tested via sketch up tool shading 
analysis. 
2.2.4. Leaf Area Density (LAD) and Leaf Area Index (LAI). 
ENVI -mets’ tree database inputs, requires inputs for the two 
conceptual canopy parameters, LAD and LAI, Leaf Area Density 
and Leaf Area Index,(Bruse 2015). LAD to a large extent hinge on 
LAI inputs, where LAI depends on the type of the tree and its 
seasonal foliage that accordingly affects the cast 
shadow,(Lenzholzer 2010). Due to the lack of the resources and cost 
limitations for using LAI-2200c plant canopy analyzer, this research 
will solely rely on the LAI and LAD calculation method proposed in 
a study conducted by (Fahmy et al. 2010) in semi-arid mid latitude 
regions, where Egypt falls in the region. The study originally 
Figure 5: Verifying ENVI-met simulation outcome with the current situation, Author 
Figure 6: Receptor points location and the zones for 
evaluation, Author. 
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Figure 7: Possibilities matrix for plantations, author 
verifies using empirical LAI of 1, in case of solid shadow and semi shadow cast, 100% to 50% of the tree’s shadow 
that falls on the ground at peak time of the design or simulation day. 
 
 
 
2.3. Possibilities Matrix. 
The following figure 7, illustrates the 
different possibilities of plantations in terms 
of type, canopy silhouette, arrangement, and 
its spatial location. Different canopy 
silhouettes are excluded from ENVI-met test 
and shading analysis is preformed afterwards 
via sketch up software. These possibilities 
were clustered and translated into patterns in 
order to perform simulation via ENVI-met. 
The following figure 8, refers to these 
patterns, where the arrangement is based on 
the spatial use of the students in the 
courtyard and a process of testing and re-
testing to an enhanced microclimatic 
conditions.   
 
 
 
 
 
 
3. Simulation results. 
The following results are concluded 
from the simulation patterns performed 
on C school and extracted either by 
excel sheers using raw output data or 
by the LEONARDO thematic mapping 
tools for the master-plan of the case 
study. 
3.1. Trees setting and the paving 
materials. 
Adding trees strikingly decreases 
the average PMV values by 1 or more, 
at the receptor points placed on the 
model of the case study regardless the 
type of geometry of the trees, shown in 
figure 9. This can be thoroughly 
illustrated in 1) evapotranspiration 
Figure 8: Simulation patterns performed via ENVI-met software, Author 
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effect of trees that decreases the temperature under its canopy by 0.38K and lowers temperature beyond the trees as 
in R01, R02 and R03, where wind carry the moist in the air; 2) shading effect under the canopy of the tree that 
decreases the direct solar radiation to 400 w/m2. 
 
 These two effects strongly influence the 
climatic variables of PMV index, conceptualized 
in the Relative Humidity (RH), Mean Radiant 
Temperature (TMRT), Temperature (T), and 
Wind (W) when the personal variables are 
constant.  
3.1.1. Wind. 
 
Trees installment creates turbulence in the 
wind flow pattern conceptualized in its velocity 
and direction.  
Shown in figure 10, trees which are linearly 
arranged, on the periphery of the courtyard, 
modify the wind direction and its velocity. 
Adding trees, regardless its type, it decreases the 
wind velocity due to the dragging force of the densely trees linear arrangement does. Although this arrangement 
significantly increases the velocity beyond to 1 m/s. On contrary with single linear spaced tree arrangement, the 
effect tends to be negligible on wind pattern modification where the velocity changes to 0.2 m/s.  
 
For the overall effect of wind in the courtyard, nearly 70 % of the wind flow is changed after installing the trees, 
where this modification enhances the thermal sensation of the students in the courtyard. 
 
 
 
 
 
 
 
 
 
0
1
2
3
4
5
Base Case with no trees Confiner Trees Deciduous Trees
Figure 7: PMV values difference between confiners’ tree, deciduous tree, and 
the base case with no trees in case of linear arrangement of the trees, Author. 
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3.1.2. Mean Radiant Temperature (TMRT )  
 
Trees attenuate solar radiation by creating shade through its canopy that strongly influences the mean radiant 
temperature (TMRT), shown in figure 10. 80 % of the direct radiation is absorbed by the leaves and the rest is 
transmitted and reflected. Accordingly, the visible radiation positively affects the energy budget that ameliorate the 
microclimatic conditions of the courtyard (Kotzen 2003) 
The change in TMRT records between the two 
paving materials returns to the physical 
performance, which is conceptualized in the 
materials color and its reflectance, named albedo 
(Ali-Toudert 2005). Sand records lower TMRT than 
cement brick in case of direct solar radiation which 
ranges 54 to 60, indirect shade which ranges from 
50 to 54 and direct tree shading which ranges 40 to 
50. Whilst, the cement paving bricks records higher 
0 20 40 60 80
Sand + Trees
Cement paving brick +…
Sand + indirect shade
cement paving bricks +…
Sand
Cement paving bricks
Tmrt range
Figure 8: Change in the wind flow pattern in case of no trees and the case of evergreen trees, author 
Figure 11: The Change in Tmrt values with different ground cover, author 
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TMRT values 54 to 60 in case of the indirect shade, 63 to 70 in case of direct solar radiation and 48 to 58. More than 
80 % of the overall TMRT in the courtyards doesn’t change, in the case of the linear arrangement as the shading 
percentage of the trees are limited in regard to the courtyard area.  
3.1.3. Other Climatic Factors. 
 
Based on the evapotranspiration and shading effects of trees, the temperature decrease is directly proportional 
with the increase of the area of trees. In the linear scenario for both evergreen and deciduous trees, the temperature 
slightly change with maximum decrease 51k, where the trees arrangement is quite dense.  
The same with humidity, it is increased by the contribution of the moisture produced by trees, shrubs and grass, 
although the shape and the area of plantation facing the atmosphere plays a significant role in modifying the 
humidity. 
 
3.2. Arranged trees setting vs. Random trees setting 
In most of the receptors points, there is a 
fluctuation in the PMV values shown in fig.12, due to 
the change in the overall arrangement. In zone A, the 
comfort values of the receptors remains constant as in 
r04, r05, where the arrangement of the trees nearly is 
the same. A sharp fluctuation in r15 between the case 
of no trees, arranged and random setting. The random 
arrangement records better PMV values due to the 
moist effect of trees that is carried by the wind to the 
receptor point. In contrary with r01, the comfort level 
slightly decreases in case of random setting, due to 
the dense arrangement beyond the receptor point  
 
3.3. Trees vs. Shrubs vs. Green covers 
Trees, among other plantation, dramatically 
ameliorate the microclimate of the courtyard, which 
strongly influence the outdoor thermal comfort of the 
students, clearly seen in figure 13. 
 
This returns to the geometry of trees that give 
shading shelter form direct solar radiation in the 
courtyard,(Kotzen 2003). Meanwhile, shrubs can aid 
to the effect of trees either positively or negatively. 
I.e. Shrubs slightly affect PMV values in r01, r04, 
r05, this returns to its limited number, settings, and 
the receptor location.  And in r10, shrubs 
considerably affects the comfort level, in the case of 
continues linear arrangement, this returns to the 
change in the reflecting surface that decreases the 
mean radiant temperature by 20k , although this 
arrangement blocks the wind from reaching the rest 
of the courtyard. 
0
1
2
3
4
5
r04 r05 r08 r09 r15 r18 r01 r03 r10 r13 r02
No trees Arranged setting Random setting
Figure 9: The Change in PMV records in case of no trees, arranged tree 
setting, and Random trees setting in the courtyard, author. 
Figure 11: the change in PMV values records in the case of no vegetation, trees, 
trees and shrubs and grass, Author 
10: The Change in PMV records in case of no tr es, arranged tr e 
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In contrary with r02, PMV dramatically decreases by 0.5 due to the modification of the wind in direction and 
speed, through the spaced linear arrangement of shrubs, with the aid of trees. A slight increase in the rate of 
discomfort, shown in r13, due to the over-dense arrangement of soft-scape elements altogether that totally blocks 
wind, in comparison to the comfort records for trees only. The effect of the grass cannot be clearly seen within the 
receptor points due to the small areas that may be negligible.  
4. Conclusion. 
From the aforementioned simulation discussion, it is concluded that the thermal quality of the courtyard is 
enhanced through the installed vegetation regardless its type. Meanwhile, the significant effect is through installed 
the trees within the courtyard. The effect is conceptualized in the shading effect its canopy provides and the wind 
flow pattern modification resulted in the dramatic decrease in the PMV values that reflects an enhanced thermal 
comfort of the students in the courtyard.  
 
 Different factors influence that effect of trees in microclimatic medication, these factors include: 1) the 
environmental climatic conditions i.e. the prevailing wind and its speed and the solar radiation; 2) the setting of the 
trees that include the clustering of the trees and its spatial location. These setting is strongly influenced by the area 
for modification; 3) terrestrial radiation of the surrounding surfaces, in specific the pavements. In addition to the 
characteristics that include: geometry of 
the trees, canopy silhouette and the type 
of the trees being confiner or deciduous. 
Also, the genetic factors of the trees that 
the growth rate within the time, where 
the pre-mature trees do not fulfill the 
required effects.  
 
It is essential to carefully select the 
surrounding materials within the space 
with low albedos because within the 
microclimatic level, the interactions 
increase between the climatic 
parameters and the surrounding surfaces 
that significantly affects the comfort 
level of the human within the space.  
 
5. Design Implication  
Retrofitting the microclimate in 
schools’ courtyard is complex especially 
in existing urban fabric. Thus, 
vegetation is one of the possible 
solutions that can enhance the quality of 
the courtyard in terms of the thermal 
sensation of the students. According to 
the spatial use in the courtyard, the 
students need adequate sunlight and 
open spaces for practicing sports and 
playing as well as shaded spaces for rest 
and relaxation. Thus, the idea of creating 
Figure 12: Design implication for a better microclimate in schools courtyard, Author. 
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cooling oasis would be suitable in the schools context. 
 
Creating cooling oasis preliminary requires a suitable trees selection. Selection should be highly dependable on 
the shading range required in the space created by the canopy silhouette, shown in figure 15. Pavements and ground 
covers with low terrestrial radiation counts a better microclimate under the trees canopy. Additionally, better tree 
arrangement and setting for the whole courtyard would highly enhance the microclimate of the courtyard. 
 
Later, for factual and economic results, ENVI-met software simulation is recommended for the retrofitting 
proposal, after setting the metrological data of the context, the students’ parameters and verifying the preliminary 
results of the simulation. The perception of the students through the outdoor PMV indicator will reflect on the 
enhanced quality of the space after installing vegetation before implementation phase. 
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